Abstract---Two analogous inorganic-organic hybrids with a phyllosilicate-like structure SILMgl and SILMg2, containing 3-aminopropyl-and N-propylethylenediaminetrimethoxysilane were synthesized through a sol-gel process. These hybrids adsorbed divalent cations of cobalt, nickel, copper, and zinc from aqueous solution to give the effectiveness of adsorption capacities in the sequence Cu 2 § > Zn 2+ > Ni 2+ > Co 2+. SILMgl has a higher capacity of adsorption than SILMg2. Elemental analysis, X-ray diffractometry, thermal analysis, infrared and nuclear magnetic resonance spectroscopies, and energy dispersive system microscopy characterized all hybrids. The proposed adsorption mechanism involves dissolution of the precursor matrix, formation of a phyllosilicate around the adsorbed ion, and a complexation of the cation by the amino-pendant groups in the interlayer. These new phyllosilicates are more crystalline than the original hybrids. The adsorption of Co z+ increases the interlayer distance to maximum values of 1.81 and 2.24 A for SILMgl and SILMg2, respectively. Thermal analysis data showed a decrease of thermal stability with cation adsorption. Si-O-Si groups were detected by infrared spectroscopy in all hybrids and a band at 1384 cm x was assigned to the nitrate counter anion, which indicates the participation of this ion in the sphere of coordination of the interlayer complexes. The photomicrographs obtained by scanning electron microscopy showed the organized distribution of the sheet structure for these synthesized phyllosilicates.
INTRODUCTION
In synthetic chemistry, the goal is to prepare a desired compound under achievable experimental conditions to obtain a pure product and a high yield. For synthesis of modified phyllosilicates, the best reaction path involves a one-step low-temperature route, which involves the copolymerization of magnesium or nickel cations with trialkoxysilanes under alkaline media. Based on this procedure, hybrid phyllosilicate-like structures were obtained by Mizutani et al. (1990) , Tami (1995, 1996) , Burkett et al. (1997) , Ukrainczyk et al. (1997) , and Whilton et al. (1998) .
The advantage of a synthetic hybrid over the natural phyllosilicate is related to such properties as high purity, homogeneous samples, and controlled porosity (Brinker and Scherer, 1990, Silva and . These properties are desirable for new catalytic processes. For example, natural talc often contains undesirable impurity cations such as Fe 2+ and Ni 2+. These cations greatly affect the properties of this material (Pinnavaia, 1983) . A potential feature of hybrid phyllosilicates is the possibility to design a sequence of reactions to incorporate other organic molecules into the phyllosilicate structure. Such molecules can act as an anchored organic chain, where active centers are available for subsequent reactions. This procedure was used to explore the reactivity of the interlayer containing a nickel derivative from 3-glycidoxypropyl and the interaction with macrocyclic ligands (Hong and Kim, 1997) .
Alkoxysilanes incorporated in phyllosilicates give a distribution of organic chains attached to the inorganic framework, which change the properties of these compounds. For example, the adsorption properties of hybrids containing nitrogen in the organic chains can be investigated. A modified inorganic silicate layer containing amino groups can behave similarly to silica gel as shown in the preconcentration of metallic cations from aqueous and non-aqueous solutions by Lishko et al. (1991) , Cestari and Airoldi (1997) , and Yang et al. (1997) . Furthermore, an extremely high and selective uptake of transition metal cations such as Co 2+, Ni 2 § Cu 2+, and Zn > by Mg-A1 anionic clays was also reported (Komameni et al., 1998) . Thus, if synthetic phases show similar behavior as in the above anionic compounds, then they may be useful to remove metal species from soils and groundwater. Thus, the decontamination of drinking water as well as wastewaters becomes possible as an important feature of phyllosilicates containing transition metal cations, and this can be important to applications in electrochemistry or catalytic processes (e.g., Kadkhodayan et al., 1988; Xiang and Villemure, 1996; Xiao and Villemure, 1998) .
This study reports the effect of adsorption of divalent cations of cobalt, nickel, copper, and zinc from aqueous media by magnesium 3-aminopropylamine and N-propylethylenediamine phyllosilicates. The characterization of these new materials is presented and features related to the adsorption processes provided.
EXPERIMENTAL
The silylating agents, 3-aminopropylsilane and Npropylethylenediaminetrimethoxy-silane were reagent grade. Other reagents, such as magnesium chloride hexahydrate, methanol, and sodium hydroxide were used without purification. The divalent nitrates of cobait, nickel, copper, and zinc were used also without purification. All cation solutions were stored in polyethylene flasks.
Synthesis of amino phyIlosilicates
Magnesium chloride hexahydrate (0.052 mol) was dissolved in 300 mL of deionized water and stirred at 373 K. To this solution, a solution containing 1.39 mol L-~ of the desired silane in methanol was slowly added dropwise. In this procedure, the Si/Mg molar ratio was maintained at 1.33 to equal the ratio in talc, which is the analogue model for such compounds. The resulting mixture formed a white suspension, to which 500 mL of aqueous sodium hydroxide at 0.10 mol L -l was slowly added with stirring while the temperature was maintained at 373 K. This suspension was aged for 5 d at 323 K and the gel product was centrifuged, successively washed with water until a neutral medium was obtained, and dried at 323 K. A white solid resuited, which was then ground to a powder. The products obtained using 3-aminopropyltrimethoxisilane and N-propylethylenediaminetrimethoxisilane are hereafter refered to as SILMgl and SILMg2, respectively.
Characterization
X-ray diffraction patterns were obtained with nickel-filtered CuKet radiation on a Shimadzu model XD3A diffractometer. Infrared spectra were obtained on a Perkin-Elmer model 1600 FTIR spectrophotometer by using the KBr-pellet method. Thermal analyses (derivative thermogravimetric, DTG) were performed in a DuPont model 1090B thermogravimetric apparatus coupled with a thermobalance (model 951), from room temperature to 1273 K, with a heating rate of 10.0 K min -I in a dry nitrogen atmosphere. The initial samples varied in weight from 15.0 to 30.0 mg. Surface-area measurements were obtained on a Flowsorb II 2300 Micrometrics instrument. The Brunauer, Emmett, and Teller (BET) method was used after the samples were degassed at 323 K. Carbon, nitrogen, and hydrogen contents for each phase were determined by using a Perkin-Elmer PE 2400 micro-elemental analyzer. Magnesium was determined by atomic absorption spectroscopy, after dissolving the samples with hydrofluoric acid in combination with nitric and bydrochloric acids. Silicon was estimated by determining the amount of organic intercalated chains present because total silicon is dependent on the silylating agent.
Nuclear magnetic resonance (NMR) spectra of SILMgl and SILMg2 were obtained on an AC 300/P Bruker spectrometer at room temperature. The measurements were performed at frequencies of 75.5 and 59.6 MHz for carbon and silicon, respectively. For carbon, the cross polarization magic angle spinning (CP/ MAS) technique was used and the spectra were obtained with a pulse-repetition time of 3 s and a contact time of 3 ms. For the 29Si spectra, the high-polarization decoupling (HPDEC) technique was employed with a pulse repetition time of 60 s and a pulse width of 45 ~
The morphologies of the products were obtained by scanning electron microscopy (SEM). The samples were coated with a conducting layer of gold and carbon by sputter coating. The images were obtained by detecting secondary electrons in a Jeol JSTM-300 microscope. By using energy dispersive system (EDS) for X-ray mapping, silicon and magnesium atomic ratios were estimated. Distribution maps of selected metal cations in the silicate layer were analyzed.
Adsorption process
The adsorption process involved M(NO3)2 in aqueous solutions at 298 -+ 1 K for each divalent cation where M = Co, Ni, Cu, or Zn. Samples of -30 mg of SILMgl or SILMg2 were suspended in an aqueous solution containing between 0.010-0.25 mol L -1 of each divalent cation. The system was maintained in a thermostat bath under constant stirring for 12 h at 298 -+ 1 K. After the steady state was established, the solid was separated by centrifuging and aliquots of the supematant were carefully pipetted. The concentration of the exchangeable cations was determined by complexometric titration using standard sodium ethylenediaminetetraacetate (EDTA) solution for nickel, iodometric titration with sodium thiosulfate solution for copper, and atomic absorption spectroscopy for zinc and cobalt. For each cation, the reproducibility was determined by at least one duplicate analysis. The resultant solids were washed with water and dried in air at 323 K. These materials showed characteristic colors: light and dark blue for Cu in SILMgl or SILMg2, respectively, green for Ni, magenta for Co, and white for Zn. The adsorbed number of moles of cation, Nf, per gram of solid was determined by: Nf = (Nad --Ns)/ m; Nad is the initial amount of cation added to aqueous solution, Ns is the number moles in the supernatant, and m is the amount of SILMgl or SILMg2 used. The solid obtained in each adsorption experiment was extensively washed with water to produce a total volume of 200 mL and was separated and dried at 323 K. These products were analyzed by X-ray diffraction (XRD) and the materials obtained after the final adsorption experiment, which is related to the maximum Table 1 . Hydrogen, carbon, and nitrogen percentages (%), C/N relationship observed (obs) and calculated (calc), and number of pendant groups on the hybrids, n. adsorption capacity, were examined by thermal analysis. Natural talc was used as a control and no adsorption was detected.
RESULTS
The XRD patterns for SILMgl and SILMg2 were compared to those from Whilton et al. (1998) and Fonseca et al. (1999) . They show that these hybrids are consistent with a talc-like structure. The d (001) values of 17.31 and 20.53 ,~ were determined for SILMgl and SILMg2, respectively. However, these values differ from the that of talc of 9.34 ,~ (Rayner and Brown, 1973) . The XRD patterns show no evidence for the presence of Mg(OH)2, where peaks at d(001) = 4.77 A and d(101) = 2.37 A should be present (Carrado and Langqiu, 1999) . The peak at 1.56 ,~ suggests the presence of the 2:1 trioctahedral structure of talc (Newman and Brown, 1980) . Elemental analysis of the hybrids yielded C/N ratios in agreement with the predicted value (Table 1) . These indicate complete hydrolysis of the reactants and, moreover, suggest the presence of unhydrolyzable methoxy groups derived from the starting organosilane compound. Based on their respective nitrogen contents, the number of organic chains bonded to SILMgl and SILMg2 are 3.60 and 2.62 mmol g ~, respectively (Table 1 ). The number of organic chains intercalated between the silicate layers is inversely proportional to the length of the chain of the silylating agent; this apparently reflects partial incorporation of the initial amount of the latter in the inorganic framework (Whilton et al., 1998; Ukrainczyk et al., 1997) .
From elemental compositions (Table 2) , the respective Si/Mg ratios for SILMgl and SILMg2 were calculated at 0.65 and 0.52. Compared with the value of 1.33, the Si/Mg ratio for talc [SisMg6020(OH)4], these synthetic phases are enriched in Mg. The Mg was presumed to occur in two sites within the structure; in the interlayer region where it is complexed with nitrogen in organic chains and in the octahedral sites. To partition Mg between the two sites, it was first assumed that the Si/Mg ratio could be estimated from the limiting Mg content of the octahedral sites. Si content was estimated from the starting organosilane based on organic groups -(CHz)3NH2 or -(CH2)3NH(CH2)zNH:. The Mg content of the interlayer region was then obtained by difference.
~3C NMR results showed that the intercalation procedure did not alter the structure of the organic chain.
The signal for unhydrolyzed methoxy groups (O-CH3 at -50 ppm) was not detected. ~9Si NMR spectra showed the presence of three signals at -67, -55, and -48 ppm, and these may be attributed to RSi(OSi),(OH)3_, where n is equal to 3, 2, and 1, respectively (Fonseca et at., 1999) . These results are consistent with a higher degree of condensation of S1LMg2 than SILMgl and with the presence of large amounts of silanol groups in the structure of the hybrids.
For both inorganic-organic hybrids, infrared spectroscopy yielded the following bands (cm -t) with assignments from Nakamoto (1986) The above results, in agreement with previous studies (Mizutani et aI., 1990; Tami, 1995, 1996; Burkett et al., 1997; Whilton et al., 1998) , demonstrate that SILMgl and SILMg2 are lameUar polymeric structures in which silicate tetrahedral sheets are linked by organic chains. The inorganic framework structure is similar to that of talc ( Figure 1) . As in the case of talc, the octahedral site is occupied by magnesium but in contrast to talc, the interlayer spacing depends on the type and size of the intercalated organic chain molecule. The organic chain is covalently bonded to the tetrahedral sheets yielding O3Si-C groups in the inorganic framework elements.
Adsorption isotherms for transition metals (Zn 2+, Cu 2+, Co 2 § Ni 2 § on SILMgl and SILMg2 at 298 K are shown in Figure 2 . The amounts of cations adsorbed decreases according to the sequence Cu 2 § > Zn 2 § > Ni 2+ > Co 2+. Large adsorption is related to the presence of an increased number of amine groups located in the interlayer space. These interactive processes were fitted to a modified Langmuir equation:
where C~ is the remaining cation concentration (mol mL -1) in solution after equilibrium, Nf is the amount of cation adsorbed (tool g-l), Ns is the maximum amount of adsorbed cation per gram of the solid adsorbent (tool g 1) which depends on the number of adsorption sites, and b is a parameter associated with the equilibrium constant for the reaction. N~ and b vat- 
Figure 1. Planar structure of modified phyllosilicates, R = -CH2CH2CH2NH 2, for SILMgl or -CH2CH2CH2NHCH 2 CH2NH 2 for SILMg2. The network consists of a tetrahedraloctahedral-tetrahedral arrangement with a basal spacing d. T ~, T 2, and T 3 species are enclosed silicon of the inorganic backbone, RSi(OSi),(OH)3_ n for n = 3-1, respectively. T ~, T 2, and T ~ species contain one, two, and no OH groups bonded to silicon atoms.
ues can be estimated from coefficients after linearization of the isotherm (Cestari and Airoldi, 1997) . The results indicate a Langmuir-type behavior (Table 3) for the isotherms, and the hybrids are potentially useful for the adsorption of inorganic cations from aqueous solution.
The magnesium content in the hybrids was investigated after the adsorption process and the results are listed in Table 4 . The results were compared to the original amount of the silicate layers. Based on the magnesium exchange, the values indicated that not only the interlayer space is used, but also those from the octahedral sites of the 2:1 layer. Cu showed the strongest interaction with SILMgl and SILMg2 and Zn with SILMgl. By considering the amount of nitrogen associated to the ligands bonded in these silicate layers, 3.60 and 5.42 mmol g-i, the stoichiometry of the complexes formed can also be calculated. Thus, it is expected that the attached diamine group on organic chains tends to form a bidentate complex, while the simple amine function only can act as monodentate ligands. In case of a chelate effect, SILMg2 can certainly form more stable complexes (Figure 3) . The crystallinities of adsorption products were analyzed by X-ray diffractometry an d they differ significantly from the original XRD patterns for Cu and Zn adsorption products (Figures 4 and 5) . Also, for other cations, the diffratograms showed an increase in the interlayer distance, as observed for the interlayer values of 1.81 A for SILMgl/Co 2+ and 2.24 A for SILMg2/Co 2+ (Figure 6a-6d) . The peaks related to the (Figure 6e and 6f). The infrared spectra of the phyllosilicates are identical with those of hydrothermally synthesized talc containing copper, nickel, cobalt, or zinc cations in their structures and other similar layer silicates (Farmer, 1964; Wilkins and Ito, 1967; De Vynck, 1980; Decarreau, 1985; Mosser et al., 1990; Decarreau et al., 1992) .
The infrared spectra of the hybrids (Figure 7 ), for instance, are similar to those of stevensite and chrysocola which are phyllosilicate or phyllosilicate-like structures having a Cu/(Cu + Mg) ratio lower and larger than 0.50, respectively. The spectra of the Cu phyllosilicates contain sharp bands at 3623, 3522, and 3425 cm ~ (inset in Figure 7 ) typical of OH-stretching modes in chrysocola. Attibutions of the other bands are as follows. The bands at 675 and 422 cm ~ may be related to ~Cu-OH and Cu-O vibrations, respectively. Si-O vibrations produce absorption at ~800 cm-~ with a maximum at 785 cm ~; however, the band at 675 cm I is also characteristic of trioctahedral magnesium-clays (Mosser et al., 1990) and arises from the overlap of Si-O and ~3Mg(OH) vibration modes. A typical mode of vibration of nitrate ions contains three bands with a maximum at 1384 cm ~. In addition, Table 4 . Number of moles (mmol g-l): magnesium (N~ag), total (Nf), exchange (N,~), and adsorbed (Nad~), respectively, and L:M ratio, where L is the organic chain and M is the divalent cation for SILMgl and SILMg2. The spectra of Ni-bearing phyllosilicates contain a band at 3636 cm -1 attributed to ~(2NiMg-OH) vibrations and at 552 and 549 cm -1 relating to Ni-O vibrations. The cation-exchange process did not affect the organic moieties as indicated by the presence of ~(C-H) and ~(Si-C) bands at 2900 and 1200 cm -1, respectively, in all spectra. The presence of the (Si:Os) vibration bands near 1000 cm 1 also indicates that the structure does not deteriorate during the cation-exchange process. Thermal behavior was analyzed by considering that the symmetry of the crystal structure of talc-like silicates has a great influence on thermal stability (Wesolowski, 1984) . The dehydration temperature range for some silicate layers is directly related to the symmetry of the crystal lattice within a given lattice type, and to the symmetric arrangement of the valence bonds within the octahedral layer. Thus, minerals whose cations are slightly larger than the spaces left by oxygen-atom closest packing in the octahedral sheet have a maximum stability (Wesolowski, 1984) .
The thermal degradation of SILMgl and SILMg2, measured by thermogravimetry between 298-1173 K, gave a weight loss of 50.71 and 56.20 wt. %, respectively. The thermogravimetric curves (Figure 8) showed a continuous loss of mass and did not define any plateau. The maxima of the curves, obtained by taking the first derivative, were at 723 and 703 K for SILMgl and SILMg2, respectively, and indicated that the former is more thermally stable. The thermal degradation sequence for the cation-exchanged hybrids is SILMgl > SILMgl/Ni 2 § > SILMgl/Co 2 § > SILMgl/ Cu 2 § > SILMgl/Zn 2+, which correlates with the inverse order of ionic radii of Ni 2 § to Zn 2+. These hybrids, however, showed different decompositional trends. Mass loss by SILMgl/Cu 2+ was in two stages; a 33.0 wt. % loss between 483-521 K, which may be related to the loss of the organic chains and a further loss of 6.0 wt. % between 1113-1148 K. SILMgl/Zn 2+ was characterized by a continuous mass loss of 29.0 wt. % between 298-597 K. The decomposition patterns for SILMgl/NF + and SILMg/Co 2 § were more complex with five and six stages for a total mass loss of 47.6 and 45.0 wt. %, respectively (Table 5) . Thus, the overall sequence of weight loss is SILMgl > SILMgl/Ni 2 § > SILMgl/Co 2 § > SILMgl/Cu 2 § > SILMgl/Zn 2 § The thermal decomposition of the cation-exchanged SILMg2 hybrids was considerably different from that of the SILMgl hybrids, Both SilMg2/Cu 2+ and 
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Wavenurrt~ (crn "~) Figure 7 . Infrared spectra of a) SILMg2, b) SILMg2/Co:', c) SILMg2/Cu 2+, d) SILMg2/Ni >, and e) SILMgl/Zn 2' hybrids. The inset shows the complete infrared spectrum of SILMg2/Cu > in the region between 4000-3000 cm ~.
SILMg2/Zn 2+ showed three stages of weight loss, with the latter losing 40.9 wt. % of its mass between 298-1200 K (Table 6 )~ SILMg2/Ni 2+ and SILMg2/Co > underwent continuous loss of mass between 298-1211 K although the decompositional processes were more complex than for the other Cu and Zn hybrids. On the whole, the cation-exchanged phyllosilicates have lower thermal stabilities than the original hybrids. For the former, the maximum weight loss occurred between 503-553 K, whereas the maximum occurred at 716-703 K for SILMgl and SILMg2, respectively. This is an exception to the rule that talc-like minerals containing cations of the same ionic radius, such as Mg > and Ni 2+, should possess equal thermal stabilities (Wesolowski, 1984) , SEM was used to study the morphology before and after the adsorption process. The photomicrographs obtained showed the layer structure of the phyllosilicates, (Figure 9 ). A change in morphology of the particles after metal adsorption was also observed. This observation illustrates that adsorption occurred extensively in all hybrids and not only on the surface. EDS spectra showed strong Si and Mg peaks for SILMgl and SILMg2. EDS spectra for phyllosilicates with the adsorbed cations showed that the magnesium is partially or extensively substituted, which is consistent with the elemental analysis data. 
D I S C U S S I O N
The large d(001) values o b s e r v e d in the synthetic hybrids are influenced by the organic radical chain attached to the inorganic layers. The length of the organic chains in S I L M g l and S I L M g 2 was estimated from a bond-distance model, assuming a zigzag conformation of the involved chains. Thus, the length of the organic chain (R) in the interlayer space was calc u l a t e d at 5.43 a n d 9.39 A, f o r -( C H 2 ) 3 N H 2 and -(CH2)3NH(CH2)3NH2, respectively. T h e s e groups were placed b e t w e e n the layers and the basal spacings were determined. The d(001) values were less than d = 2R + 9.34. These obtained values suggest that the organic chains are b o n d e d to adjacent lamella and the chains are either alternatively distributed or identically inclined in the interlayer.
The organic functionality attached to R was designed to explore the adsorption capacity at the solid i liquid interface. The adsorption b e h a v i o r is influenced b y the free space between two neighboring organic chains and favors the entrance of reagent species, such as cations. In the present case, complexes m a y form in the interlayer of the hybrids, by utilizing the basic nitrogen centers of the amino groups. Normally, cations entering the cavity cause an increase in the d(001) value with a loss of the periodicity of the stacking as detected by a decrease in the sharpness of the X R D peaks. However, after copper and zinc adsorption, the crystallinifies of both products increased with the X R D peaks b e c o m i n g sharper.
The interlayer distances of S I L M g l and S I L M g 2 containing copper were 6.96 and 7.08 ,&, respectively. However, for zinc adsorption, the observed value was 10.27 A. A large value for zinc is related to the hy- dration volume of 178.2 cm 3 mol -~, which differs for the Cu value of 147.8 cm 3 mol -~ (Bem-Naim, 1987; Krestov, 1991) .
The significant decrease of the interlayer distance and the difference in the X R D patterns before and after adsorption is associated with the complex process of interaction involving the cations and the modified phyUosilicates. Examination of the X R D patterns (Figures 4 and 5) shows a gradual increase in the n u m b e r of reflections with increasing amounts of copper or zinc in the phases. This feature is clearly illustrated by the appearence of a new phase (Figure 4b) represented by the peaks at 20 = 12.5, 25.6, and 43.1 ~ However, as copper content in the hybrid is increased, the intensifies of the peaks are enhanced, and two additional reflections occur at 33.5 and 36.4 ~ (Figure 4d ). In contrast, reflections b e c o m e well-defined and sharp, suggesting that a new phase has crystallized; note peaks at 12.5, 25.6, 36.4, 43.5, and 49 .1 ~ (Figure 4e ).
For the phase containg low zinc content, X R D peaks are broad and thus crystallinity is low (Figure 5b ). With Z n in the structure, two X R D peaks occur at 20 = 10.4 and 21.4 ~ (Figure 5c ). Peaks of low intensity are s h o w n below 20 = 15 ~ (Figure 5d and 5e). These peaks occur at 8.6, 10.4, and 13.0 ~ and more intense peaks occur at 21.4, 24.7, and 44.3 ~ (Figure 5f ). In Figure 5g , these peaks b e c a m e well defined and the intensities are increasing. This suggests that a new phase has crystallized.
The X R D data for the copper and zinc phases are consistent with a 1:1 layer. However, based only on the obtained data, the structure of the formed phases cannot be determined, although a new phase f o r m e d quickly after adsorption. T h e initial replacement of octahedral M g 2. in the phyllosilicate was not characterized because m a g n e s i u m content was determined only i n the last sample of each adsorption experiment, which corresponded to the m a x i m u m a m o u n t of cation adsorbed.
The pH values were measured to verify the stability of the phases under acidic conditions, where the initial concentrations of all cations were 0.10 mol L -~. The pH values for Cu(NO3) 2 and Zn(NO3) 2 were 3.5 and 4.0, respectively, and 6.0 for both the Ni(NO3)2 and Co(NO3)2 solutions. Thus, these data suggest that each matrix may be dissolved in the solution of copper and zinc salts and then reformed to include the Cu 2 § or Zn > cations. The excess cations can participate in the reaction by the formation of interlayer complexes, with the available amino groups. This reconstitution may be related to the similar ionic radii of the divalent cations in octahedral-coordination sites. The radii are: 0.69, 0.73, 0.75, and 0.78 .& for Ni, Cu, Co, and Zn, respectively. In fact, these values are close to the magnesium ionic radius of 0.72 A. Based on these data, any one of the above cations can substitute for the magnesium cation (Decarreau, 1985; Mosser et al., 1990; Decarreau et al. 1992) .
For cobalt and nickel, interlayer complexes are formed only as indicated by an increase in the respective interlayer spacings (Figure 6a-6f) . In both cases, note that the resulting hybrid is more disorganized with increasing saturation of cations. This fact is related to the formation of the amino complex with these cations between the layers, which cause a disorder of the organic chains by altering the structure of the silicate layer. Similar behavior was also observed for adsorption of metallic cations on lamellar silica with 1,12-dodecylamine (Farias and Airoldi, 2000) . These arguments are consistent with the XRD data where the samples were not reversible with re-exchange in Mg 2+ solutions.
We propose the following interactive mechanism: the adsorption process involving a hybrid silicate layer is limited by the stability of the phases at low pH. The reactions involve the complexation of the cations with amino groups. The complexation occurred simultaneously with dissolution and reformation of the phyllosilicate structure around the cation, to give well-ordered phases. Furthermore, these results indicate that the presence of the organic chains linked to the inorganic structure modifies the characteristics of a given silicate layer. This behavior contrasts to that found with talc where no intercalation takes place (Velde, 1992) .
CONCLUSION
The reported process may allow new applications for amino-phyllosilicates such as in the removal of contaminating metals from soils, groundwater, and wastewater. These materials have the added advantage in that they can be obtained at lower temperatures than synthetic zeolites, which are normally used in this type of separation process. This research can be extended to investigate the distribution of cations other than Mg in the octahedral sites and to study the formation of other complexes in the interlayer.
